Estrogen is thought to contribute to the increased frequency of autoimmune disorders occurring in females, but a molecular basis for its effects on autoimmunity remains to be elucidated. We have shown previously that estrogen leads to the survival and activation of autoreactive cells in the naive repertoire. To identify the molecular pathways involved in B cell tolerance, we sought to identify genes that are differentially regulated by estrogen in mouse B cells. Several genes involved in B cell activation and survival, including cd22, shp-1, bcl-2, and vcam-1, were upregulated by estrogen in B cells. We found that overexpression of CD22 and SHP-1 in B cells decreased B cell receptor signaling. Estrogen receptors α and β are expressed on B cells and are functional, since they can directly upregulate expression of CD22, SHP-1, and Bcl-2. Estrogen treatment protected isolated primary B cells from B cell receptor-mediated apoptosis. These results suggest that estrogen induces a genetic program that alters survival and activation of B cells in a B cell-autonomous fashion and thus skews the naive immune system toward autoreactivity.
Introduction
It has become apparent over the past few decades that estrogen can affect cells of the immune system and may play a role in modulating lymphocyte development and function (1) (2) (3) . Of particular importance is the association between estrogen and the increased incidence of autoimmune disorders in women, such as systemic lupus erythematosus (SLE), which occurs at a femaleto-male ratio of 10:1 (4-6). Abnormal estrogen metabolism has been reported in patients with SLE (7, 8) , and there are indications that modulation of sex hormone levels may have clinical benefits (9) .
Several studies have shown that estradiol (E 2 ) treatment accelerates the onset of disease and increases mortality in autoimmune-prone NZB/NZW F 1 and MRL/lpr mouse strains (10) (11) (12) . Similarly, an elevation in serum autoantibody titers has been observed in E 2 -treated nonautoimmune C57BL/6 mice (13) . We have shown previously that E 2 treatment of nonautoimmune BALB/c mice transgenic for the γ2b heavy chain of the R4A anti-double stranded DNA Ab perturbs tolerance induction of high-affinity autoreactive B cells (14, 15) . Examination of E 2 -treated R4A-γ2b BALB/c mice revealed that a population of naive anti-DNA B cells is rescued that would normally be deleted at an immature stage of B cell development. Anti-DNA B cells of E 2 -treated mice develop preferentially into marginal zone B cells, suggesting that E 2 augments the generation of marginal zone B cells or, alternatively, that their antigenic specificity determines their localization to the marginal zone compartment (16) .
The purpose of this study was to understand the skewing of the naive B cell repertoire by estrogen by identifying alterations in gene expression in B cells exposed to a sustained concentration of E 2 of approximately 75 pg/ml. Furthermore, we sought to determine if activated estrogen receptors (ERs) in B cells lead to the upregulation of those genes and cause alterations in B cell function. Subtractive hybridization and screening of cDNA array filters were performed, and cd22, shp-1, bcl-2, and vcam-1 were chosen for further study. These proteins are upregulated in B cells of E 2 -treated mice. We have further established that both known ERs are expressed in B cells and that expression of activated ERs in B cells can lead to upregulation of these genes with consequent alterations in B cell function. Taken together, these data suggest that an elevation in E 2 leads directly to molecular changes in B cells that alter survival of immature B cells and generates a peripheral B cell repertoire that includes autoreactive B cells that would normally be deleted.
(2-3 months old) were bred in a specific pathogen-free barrier facility. Mice were treated with 17 β-estradiol (E 2 ) 60-day time-release pellets containing 0.18 mg of E 2 or with placebo (P) pellets (Innovative Research of America, Saratoga, Florida, USA) for 3-6 weeks as previously described (14) . In some experiments, mice were ovariectomized prior to E 2 treatment.
Subtractive hybridization with PCR suppression. B220 + splenic B cells were isolated using anti-B220 magnetic beads (Miltenyi Biotec, Auburn, California, USA) according to the manufacturer's protocol. B cell purity was typically 80-90% and devoid of T cells as determined by flow cytometry. Total RNA was prepared using guanidinium isothiocyanate (17) , and subtractive hybridization with PCR suppression (SSH-PCR) was performed using the PCR-Select cDNA Subtraction Kit (CLONTECH Laboratories Inc., Palo Alto, California, USA) according to the manufacturer's protocol. Forward and reverse subtractions were performed, and the resulting PCR products were cloned into the TA PCR cloning vector (Invitrogen Corp., Carlsbad, California, USA). Nucleotide sequences were determined and analyzed using the BLAST program. Selected clones were analyzed by "virtual" Northern blot hybridization (18) or by semiquantitative RT-PCR. Scanning densitometry was performed using a Molecular Dynamics scanning densitometer (Sunnyvale, California, USA) and ImageQuant NT version 5.0 software. The signal intensities were normalized to gapdh.
Screening of cDNA expression arrays. The Atlas mouse cDNA expression array (CLONTECH Laboratories Inc.) containing 588 known murine genes was screened. Splenic B cells were isolated from three E 2 -or P-treated R4A-γ2b mice as described above, and total RNA (2.0 µg) was pooled and used to generate 32 P-radiolabeled cDNA probes according to the manufacturer's protocol. Hybridization signals were normalized to gapdh.
RT-PCR analysis of vcam-1. To confirm the presence of vcam-1 mRNA in B cells, RT-PCR was performed using total RNA extracted from B220 + , CD5 -sorted murine B cells. PCR primers were generated that amplify exons 9 (sense, GCTCACAATTAAGAAGTTTAA) and 10 (antisense, TGCTGCTACTCTAAACAACCTC) and flank the transmembrane and cytoplasmic domains, respectively. Relative levels of vcam-1 mRNA were determined by semiquantitative RT-PCR using Quantum RNA 18S Internal Standards (Ambion Inc., Austin, Texas, USA) according to the manufacturer's protocol. RT-PCR was performed using primers that amplify an approximately 270-bp vcam-1 fragment of exon 10 (sense, AAACCAAGCCATGCATTCAGAC and the exon 10 antisense primer used above) plus the appropriate ratio of 18S rRNA primer to 18S rRNA competimer. The PCR products were separated on an ethidium-stained agarose gel and quantitated by scanning densitometry.
Flow cytometry. Flow cytometry was performed with a FACScalibur flow cytometer (Becton-Dickinson Immunocytometry Systems, San Jose, California, USA), and analysis was performed using FlowJo software (Tree Star Software, San Carlos, California, USA). Ab's to the following surface markers were used to identify B cell subsets of bone marrow cells and splenocytes: CD19 (clone 6D5), CD21 (clone 7G6), CD1 (clone 1B1), B220 (clone RA3-6B2), CD24 (clone M1/69), T and B cell activation antigen (clone GL7), and IgM (clone R6-60.2). All Ab's were purchased from PharMingen (San Jose, California, USA) except CD19 (Caltag Laboratories Inc., Burlingame, California, USA). VCAM-1 was measured with biotinylated anti-VCAM-1 (clone 429; PharMingen) and RPE-Neutravidin (Molecular Probes Inc., Eugene, Oregon, USA), and CD22 was measured with anti-CD22 (clone Cy34.1; PharMingen).
Intracellular staining was performed as described by Merino et al. (19) . Cells were incubated with rabbit anti-Bcl-2, rabbit anti-SHP-1, and anti-ER-α (all purchased from Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) or anti-ER-β (Affinity BioReagents Inc., Boulder, Colorado, USA) or rabbit IgG as an isotype control diluted in 0.3% saponin (SigmaAldrich, St. Louis, Missouri, USA), followed by FITClabeled anti-rabbit IgG (PharMingen).
Transfection of murine B cell lines with cDNA constructs. Constructs expressing wild-type ER-α (generously provided by Pierre Chambon, Institut de Genetique et de Biologie Moleculaire et Cellulaire, College de France, Strasbourg, France), constitutively active ER-α cDNA (generously provided by Benita Katzenellenbogen, University of Illinois at Urbana-Champaign, Urbana, Illinois, USA), and CD22 and SHP-1 (both generously provided by Mark S. Schlissel, University of California Berkley, Berkley, California, USA) were transiently transfected into murine B cell lines by electroporation (BioRad Laboratories Inc., Hercules, California, USA). To determine transfection efficiency, a plasmid encoding truncated human CD4 (pMACS 4.1; Miltenyi Biotec) was used. Briefly, 300 µl of cells (2 × 10 7 cells/ml) were suspended in RPMI medium and incubated with the plasmid (20 µg) plus carrier DNA (200 µg of salmon sperm DNA) for 10 minutes on ice before transfection.
Calcium influx studies. Surface IgM + K46µ lymphoma cells (generously provided by John Cambier, National Jewish Hospital, Denver, Colorado, USA) were transfected with cd22 and shp-1 constructs. Forty-eight hours after transfection, cells were loaded with Indo-1 AM ester (5 µg/ml; Molecular Probes Inc.). After baseline levels were determined, cells were treated with 2.5-20.0 µg/ml of anti-IgM F(ab′) 2 (Southern Biotechnology Associates, Birmingham, Alabama, USA), and calcium influx was measured using a FACSvantage (Becton Dickinson Immunocytometry Systems) and analyzed with FlowJo software.
Apoptosis assay. Splenocytes were isolated from E 2 -and P-treated ovariectomized BALB/c mice, and cells (5 × 10 5 /300 µl) were cultured in Iscove's modified Dulbecco's medium (IMDM) with 5% FCS for 30 minutes in the presence or absence of 30 µg/ml biotinlabeled anti-IgM (Southern Biotechnology Associates), followed by the addition of 60 µg/ml Neutravidin (Southern Biotechnology Associates) for 12-18 hours. The percentage of cells undergoing apoptosis was determined by measuring levels of activated caspase 3 by flow cytometry. Cells were stained for B220 and CD24 and activated caspase 3-specific rabbit (clone C92-605; PharMingen) Ab's, followed by FITC-labeled anti-rabbit Ab.
To determine the impact of E 2 directly on B cell apoptosis, splenic B cells were isolated from ovariectomized mice by depletion using biotin-labeled anti-CD43 (clone S7; PharMingen), anti-CD11c (clone HL3; Pharmingen), anti-CD90 (clone CT-TH1; Caltag Laboratories Inc.), and streptavidin-labeled Dynabeads (Dynal, Oslo, Norway). B cells were cultured in E 2 -free medium (IMDM without phenol red, 10% charcoal-filtered FCS) and pretreated for 5 hours with E 2 (10 -8 M; Sigma-Aldrich) or with the E 2 antagonist ICI 182,780 (10 -7 M; Tocris Cookson Inc., Ballwin, Missouri, USA) as a negative control. Levels of activated caspase 3 were measured.
Statistical analysis. A Student two-tailed t test was performed. A P value of less than 0.05 was considered significant.
Results

Identification of E 2 -regulated genes in B cells.
We have shown previously that a sustained increase in serum E 2 to concentrations of 75 pg/ml is sufficient to abrogate tolerance induction, leading to the rescue and activation of a population of autoreactive B cells in BALB/c mice that would normally be deleted (14) (15) (16) . To identify genes that are differentially regulated in B cells of E 2 -treated mice, SSH-PCR and screening of cDNA array filters were performed. RNA derived from B220 + splenic cells from a single E 2-and a single P-treated R4A-γ2b BALB/c mouse was used for SSH-PCR. Over 100 clones were sequenced, and candidate genes were analyzed by semiquantitative RT-PCR or by "virtual" Northern blot (data not shown) (18) . In addition, a commercially prepared cDNA array filter containing 588 known mouse genes was screened using probes generated from B cell RNA pooled from three E 2 -or P-treated R4A-γ2b BALB/c mice. Hybridization signals were normalized to gapdh.
Four of the genes, cd22, shp-1, bcl-2, and vcam-1 identified in the screens were known to play a role in B cell survival and activation (19) (20) (21) (22) (23) and were chosen for further study. In addition, cd22 is located within the sle 3 susceptibility locus (24) .
Examination of expression profile of E 2-regulated genes. Protein expression of CD22, SHP-1, Bc1-2, and VCAM-1 in B cells was measured by flow cytometry. For these experiments, BALB/c mice that had been ovariectomized before initiation of E 2 or P administration were examined to avoid the variability in gene expression levels that may occur in P-treated mice from changes in endogenous E 2 levels that occur at different phases of the estrus cycle. Expression levels were examined in nontransgenic BALB/c mice to avoid alterations in B cell development that can be associated with immunoglobulin transgenes.
The CD22 receptor and the intracellular tyrosine phosphatase SHP-1 are molecules that regulate the threshold for B cell activation, while Bcl-2 plays an important role A broken line represents the profile for the P-treated mouse, a solid line represents the profile for the E 2 -treated mouse, and a thin solid line represents the isotype-matched control. in B cell survival. Expression levels of these molecules were significantly increased in total splenic B cells ( Figure  1 and Table 1 ). Previously, we have shown that E 2 treatment alters the distribution of B cell subsets, leading to a decrease in transitional B cells and an increase in marginal zone B cells (16) . Since expression levels of CD22, SHP-1, and Bcl-2 are known to vary among different B cell populations, levels of CD22, SHP-1, and Bcl-2 were measured in immature transitional, marginal zone, follicular, and germinal center B cells separately using subset-specific gates. Examination of individual B cell subsets revealed increased expression of CD22, SHP-1, and Bcl-2 ( Figure 2a ). Since Bcl-2 regulates B cell survival at several stages of B cell development (19, 22) , Bcl-2 expression was also examined in pro/pre B and immature bone marrow B cell subsets. There was a significant increase in the percentage of Bcl-2 + pro/pre B and immature B cells in E 2 -treated mice (Table 2 ). These results suggest that E 2 increases expression of key immunoregulatory molecules in B cells. Most notably, levels were increased at the transitional T1 and germinal center stages of B cell development, stages in which negative selection of autoreactive B cells must occur to maintain normal B cell tolerance. VCAM-1 has not been reported to be expressed in murine B cells, but there is evidence that it is expressed in human B and T cells (25, 26) . VCAM-1 expression was detected by flow cytometry on normal CD19 + B
1628
The Table 1 . The isotype-matched controls are represented by a thin solid line. (Figure 2b ). Semiquantitative RT-PCR demonstrated that the vcam-1 transcript is increased approximately 2.5-fold in B cells of E 2 -treated mice (data not shown). A significant increase in the number of VCAM-1 + B cells (Figure 2c ) and expression levels of VCAM-1 (Table 2) were observed in E 2 -treated mice. In addition, expression levels of VCAM-1 were increased in all B cell subsets examined (Figure 2d ). These data demonstrate that E 2 treatment alters the expression pattern of CD22, SHP-1, Bcl-2, and VCAM-1 in B cells. These increases are specific, because the expression of common B cell markers, such as B220, CD24, CD23, CD1, and CD44, were unaffected by E 2 treatment (data not shown).
ER-α and ER-β expression in B cells. We were interested in determining if murine B cells are directly E 2 responsive. Cells of the immune system, such as stromal cells, T cells, and dendritic cells, express functional ERs (1, 27-29).
There is also evidence for the presence of ER mRNA and protein in B cells (30) (31) (32) (33) ; however, it is not known if these receptors function as transcriptional activators in these cells. We sought first to determine when ER-α and -β are present in murine B cells.
By intracellular flow cytometry, ER-β expression was observed at all stages of B cell development (Figure 3 ). Low to negligible levels of ER-α were detected in pro/pre B cells (B220 lo , surface IgM -[sIgM -]) and immature B cells (B220 lo , sIgM + ) of the bone marrow; ER-α was clearly present in transitional B cells (B220 lo , CD24 hi ), mature B cells (B220 int , CD24 lo ), and germinal center B cells (CD19 + , GL7 + ) of the spleen (Figure 3 ). This developmentally regulated increase in ER-α has been seen in other cell lineages also (34) . In agreement with the flowcytometry data, RT-PCR using ER-α-and ER-β-specific primers demonstrated the presence of ER-α and ER-β transcripts in B cell lines representing immature and mature stages of B cell development (data not shown).
Induction of E 2 -regulated genes by ectopic expression of activated ERs.
To determine whether cd22, shp-1, and bcl-2 can be directly induced by activated ERs in B cells, B cell lines were transiently transfected with a cDNA construct that expresses the constitutively active ER-α. In the 18-81 pre-B cell line, ectopic expression of active ER-α resulted in upregulation of SHP-1 and Bcl-2. The A20 mature B cell line displayed increased expression of CD22, SHP-1, and Bcl-2 (Table 3) . Finally, the S194 plasma cell line
Figure 3
Detection of ERs in B cell subsets. Bone marrow cells and splenocytes were isolated, and cell suspensions from three mice were pooled together and stained with Ab's to detect ER-α or ER-β plus Ab's to detect developmental surface markers. Bone marrow pro/pre cells were identified as B220 lo /sIgM -and immature as B220 lo /sIgM -. Splenic transitional B cells were identified as B220 lo /CD24 hi , mature as B220 int /CD24 lo , and germinal center as CD19 + /GL7 + . The experiment was performed three times on a total of 13 mice, and representative histograms of stagespecific expression are shown. Specific staining is represented by a solid line, and the isotype-matched control is represented by a dashed line. 
Impaired apoptosis of E 2 -treated B cells. E 2 treatment perturbs negative selection of autoreactive B cells (14, 16).
To determine if the B cells from E 2 -treated mice display a defect in BCR-mediated apoptosis, splenocytes from E 2 -and P-treated mice were isolated and treated in vitro with anti-IgM to simulate antigen-induced apoptosis.
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The Calcium influx in CD22-and SHP-1-transfected K46µ cells. The K46µ cell line was transfected with plasmids that express CD22 or SHP-1 and with one-tenth the concentration of a plasmid that expresses human CD4 to determine transfection efficiency. Fortyeight hours after transfection, cells were loaded with Indo-1 AM, and calcium influx was measured using 2.5-20 µg/ml of anti-IgM F(ab′) 2 .
Representative dot plots depicting the percentage of cells responding to 10 µg/ml of anti-IgM F(ab′) 2 are shown, and similar results were obtained for all doses examined. These experiments were repeated three times, and similar results were obtained.
Figure 5
IgM-mediated apoptosis in E 2 -treated splenic B cells. Levels of activated caspase 3 were measured by flow cytometry to identify (a) B220 + /CD24 hi (transitional) and (b) B220 + /CD24 lo (mature) cells undergoing apoptosis. Representative histograms of splenocytes from P-and E 2 -treated mice incubated with anti-IgM (solid line) or without anti-IgM (dashed line) are shown. For anti-IgM-treated splenocytes, 26,661 (P) and 12,075 (E 2 ) transitional B cell-gated events and 139,416 (P) and 127,235 (E 2 ) mature B cell-gated events were examined, respectively. For untreated splenocytes, 20,912 (P) and 10,437 (E 2 ) transitional B cell-gated events and 57,600 (P) and 64,489 (E 2 ) mature B cell-gated events were examined, respectively. The experiment was performed on B cells from five mice in each treatment group, and similar results were observed for all mice within a group. The percentage of transitional B cells from E 2 -treated mice undergoing apoptosis was significantly reduced (P < 0.02) compared with P-treated mice. There was no significant reduction in the percentage of mature B cells undergoing apoptosis. (c) Splenic B cells isolated from ovariectomized mice BALB/c mice (n = 5) were incubated with E 2 or the E 2 antagonist ICI 182,780 5 hours before the addition of anti-IgM. Representative histograms from one of three experiments are shown. For B cells incubated with anti-IgM plus ICI 182,780, 2,382 lymphocyte-gated events were examined; for B cells incubated with anti-IgM plus E 2 , 4,161 lymphocyte-gated events were examined; for B cells incubated with ICI 182,780 alone, 6,426 lymphocyte-gated events were examined; and for B cells incubated with E 2 alone, 7109 lymphocyte-gated events were examined. Anti-IgMinduced apoptosis was reduced in cells pretreated with E 2 (P < 0.05).
Cells were stained for the markers B220 and CD24 to distinguish immature transitional (B220 + , CD24 hi ) and mature (B220 + , CD24 lo ) B cells and with an Ab that is specific for the activated form of caspase 3, since activation of caspase 3 is involved in BCR-mediated apoptosis (36, 37) . Flow cytometry was performed to identify B cells undergoing apoptosis ( Figures 5, a and b) . B cell receptor-mediated apoptosis was significantly reduced in immature transitional B cells (CD24 hi ) from E 2 -treated mice (Figure 5a ). This is in agreement with previous reports demonstrating that transitional B cells are more susceptible to anti-IgM-mediated apoptosis than mature B cells (38) and is consistent with the survival of naive B cells demonstrated previously in E 2 -treated mice (16) . The extent of anti-IgM-mediated apoptosis was much lower in the mature B cell population, and there was no significant rescue by E 2 .
We next wanted to determine if E 2 can directly block apoptosis of B cells. Splenocytes from ovariectomized mice were isolated and treated with E 2 or the pure E 2 antagonist ICI 182,780 to inhibit estrogenic compounds in the culture system, followed by the addition of anti-IgM. E 2 treatment protected purified B cells from BCR-mediated apoptosis (Figure 5c ). These data suggest that E 2 can directly rescue B cells from signals that mediate negative selection.
Discussion
There is increasing evidence for a role for E 2 in regulation of the immune system. A sustained increase in E 2 has been linked to autoimmunity and may contribute to the increased frequency of SLE in females (4, 5) . Our laboratory has shown previously that E 2 administration of R4A-γ2b BALB/c mice that express an anti-DNA Ab heavy chain leads to the rescue of a population of naive autoreactive B cells that would normally be deleted at an immature stage of B cell development (14, 15) . In addition, the distribution of peripheral B cell subsets is altered in E 2 -treated mice, and the bulk of the autoreactive B cell population are marginal zone B cells (16) . E 2 appears to favor the progression from the transitional T2 B cell stage to marginal zone B cells (16) . This developmental pathway may reflect impaired negative selection at the transitional B cell stage. Thus, we felt that the E 2 -induced model of autoreactivity would be useful to identify molecular pathways that can contribute to escape from self tolerance.
We have demonstrated that both known ERs are present in murine B cells and that E 2 may exert a direct molecular effect on B cells. ER-α and ER-β exhibit similar ligand binding and transactivation properties and can form functional heterodimers (39, 40) . However, there is also evidence that ER-α and ER-β may differentially regulate target gene expression based on the activation pattern of distinct estrogen response element reporter constructs (39) and on differential effects of ectopic expression of ER-α and ER-β in SK-N-BE neuroblastoma cells (41) . It remains to be determined which ERs mediate changes in gene expression at different developmental stages in B cells.
Increased expression of Bcl-2 is believed to be responsible for decreased apoptosis in the MCF-7 breast cancer cell line in the presence of E 2 (42) (43) (44) . We have demonstrated previously by immunohistochemistry that Bcl-2 expression is increased in the spleens of E 2 -treated mice (14) and have confirmed this observation by flow cytometry. Overexpression of Bcl-2 in several transgenic mouse models enhances survival of autoreactive B cells that arise in the bone marrow (45) (46) (47) and of B cells that acquire autoreactivity following somatic mutation in germinal centers (48, 49) . We observed an expansion of Bcl-2 + B cell progenitors in the bone marrow of E 2 -treated mice. A similar expansion of bone marrow progenitor B cells in E 2 -treated mice has been reported by Medina and colleagues (50) . The increased expression of Bcl-2 may protect B cell progenitors from BCR-mediated apoptosis and contribute to the survival of high-affinity anti-DNA B cells that are normally deleted at the immature stage of development. A sustained increase in Bcl-2 expression in splenic B cells may also enhance survival of autoreactive B cells in the periphery and block negative selection in germinal centers. B cells at the immature and transitional stages are most susceptible to BCR-induced cell death (38) . Consistent with this is the observation that E 2 treatment of primary B cells impaired anti-IgM-mediated cell death of transitional B cells. These data suggest that E 2 can alter negative selection in naive immature B cells.
It is also likely that increased B cell expression of SHP-1 and CD22 promotes the presence of autoreactive B cells in the mature B cell repertoire. Calcium influx studies suggest that an increase in expression of CD22 or SHP-1 decreases signaling through the BCR, in agreement with results observed in K46µ cells transfected with CD72, another molecule known to downregulate signals mediated through the BCR (51). While mice deficient in SHP-1 or CD22 display increased autoantibody titers, the autoantibodies are produced by B-1 B cells and not by conventional B cells (52, 53) . When SHP-1-deficient conventional B cells are autoreactive, they are more sensitive to programmed cell death and are deleted by low-valency antigen that does not delete SHP-1 + B cells (21) . Thus, it appears that SHP-1 overexpression can favor survival of autoreactive B cells. CD22 has also been reported to be both a positive and negative regulator of B cell survival and activation (20) . There are currently no transgenic mouse models for the overexpression of SHP-1 or CD22 in B cells to directly test the effect of their increased expression. However, since these molecules are involved in increasing the threshold for signaling through the BCR, it is likely that increased expression of these molecules would impair tolerization of either high-affinity autoreactive naive B cells, causing them to behave as indifferent or ignorant B cells, or antigen-activated germinal center B cells. Interestingly, a polymorphism of cd22 associates with SLE in a study of Japanese patients (54) .
The adhesion molecule VCAM-1 was detected by both SSH-PCR and screening of array filters as a gene that is upregulated by E 2 in B cells. We included VCAM-1 in these studies despite the existence of only a few reports demonstrating the presence of VCAM-1 in human B and T cells (25, 26) and because previous studies showed increased VCAM-1 expression in SLE patients and in MRL/lpr mice (55, 56) . We have determined that VCAM-1 is present in normal murine B cells and also in murine T cells (C.M. Grimaldi and B. Diamond, unpublished observation). VCAM-1 serves as a ligand for the integrin receptor VLA-4. Engagement of VLA-4 in B cells plays a role in early B cell development in the bone marrow (23) and protects B cells against apoptosis in germinal centers (57) . It is possible that increased expression of VCAM-1 on B cells may help mediate B cell autonomous protection against apoptosis by providing the ligand for VLA-4. Since VLA-4 is expressed T cells, as well as B cells, another potential role for VCAM-1 on B cells may be to mediate B-T cell interactions that protect against apoptosis.
For all the proteins studied, E 2 induces an increase in expression levels from 15% to 27%. It is well described that these small changes in the level of expression of critical molecules can alter the function of the immune system. Sato and colleagues demonstrated that a 15-29% increase in CD19 expression in B cells was sufficient to induce the production of autoantibodies in C57BL/6 mice (58, 59) . In a recent study, it was demonstrated that the peripheral blood B cells of patients with the autoimmune disorder systemic sclerosis exhibit a 20% increase in CD19 expression and a 23% increase in CD21 expression (58) . Similarly, Bcl-2 expression needs to be increased by only 30% (C.M. Grimaldi and B. Diamond, unpublished observation) to lead to rescue of high-affinity anti-DNA B cells in R4A-γ2b BALB/c mice that are also transgenic for B cell-specific expression of bcl-2 (60). Thus, it was reasonable to speculate that the changes in protein levels induced by E 2 can alter the phenotype of the immune system. Our data on calcium influx in CD22-and SHP-1-transfected cells confirm that small increases in protein expression alter B cell function.
These studies have begun to decipher the molecular pathways activated by estrogen that lead to survival and activation of naive autoreactive B cells. The data demonstrate a direct effect of E 2 on B cells and begin to describe the gene expression program initiated in B cells of E 2 -treated mice. Continued studies will not only unravel the impact of sex hormones on B cell biology, but will help identify pathways important in the regulation of autoreactive B cells that are dysregulated by E 2 or other triggers. These studies will permit us to determine if E 2 contributes to disease expression in a cohort of autoimmune patients or if there are other genetic or environmental factors that lead to activation of E 2 -inducible pathways in patients with SLE or other immune diseases.
